ppy = 4 ,6 -difluoro-2-phenylpyridinate, F 2 CNppy = 5 -cyano-4 ,6 -difluoro-2-phenylpyridinate, DMAF 2 ppy = 4 ,6 -difluoro-4-dimethylamino-2-phenylpyridinate, MeOF 2 ppy = 4 ,6 -difluoro-4-methyl-2-phenylpyridinate and ZN = 3,5-dimethylpyrazole-N-carboxamide) emitting in the sky blue region were synthesized. We studied the effect of the ancillary ligand ZN and the substituents on the cyclometalating ligands on the crystal structures, photophysical and electrochemical properties and the frontier orbitals. Density functional theory (DFT) calculation results indicate that in FCZN and FDZN the cyclometalating ligands show negligible participation in the HOMO, the ancillary ligand ZN being the main participant along with the Ir(III) d-orbitals. MeOFZN exhibits the maximum photoluminescence quantum efficiency and radiative emission rates along with the dominant low frequency metal-ligand vibrations and maximum reorganization energy in the excited state. All the substituted complexes show more polar characteristics than FZN, FCZN possessing the highest dipole moment among the complexes. The performances of the solution-synthesised organic light emitting devices (OLEDs) of FZN, FCZN and FDZN doped in a blend of mCP (m-bis(N-carbazolylbenzene)) and polystyrene are studied.
Study on a set of bis-cyclometalated Ir(III) complexes with a common

Introduction
The metal-to-ligand charge transfer (MLCT) excited states of transition metal complexes have been of great interest to explore the factors that determine and control the excited state photophysical and electrochemical properties for their applications as sensitizers in photochemical and photophysical processes, 1 biological labeling agents 2 and triplet emitters in organic light emitting devices (OLEDs). 3 The dynamics of the excited-state decay and its relation to the electronic effect of the various nonchromophoric and chromophoric ligands in a number of Os(II) and Ru(II) complexes have been investigated. 4 The studies demonstrate that the substituents at the chromophoric and nonchromophoric ligands influence redox potentials, absorption and emission energies, photoluminescence efficiencies and lifetimes.
The natures of the excited states of the Ir(III) complexes 5,6 in this line are extensively studied 7, 8 and indicate that both the cyclometalating (analogous to the chromophoric ligands in ref. 4 ref. 4) are important in influencing the electronic structures of the Ir(III) complex. Pyrazole derivatives have been studied as both the cyclometalating and the ancillary ligands in the Ir(III) complexes emitting in the blue region 2,7d,f -i,9, 10 and have been found to influence the redox and photophysical properties to a greater extent when they are used as the cyclometalating ligands.
7f ,g,i Nonetheless, the ancillary ligands such as pyrazole-derivatized borates, 10 pyridyl pyrazolates 7g also bring in systematic physical property changes. In this study we have coordinated a carboxamidederivatized pyrazole (3,5-dimethylpyrazole-1-carboxamide) with Ir(III) in four bis-cyclometalated Ir(III) complexes as shown in Chart 1 and the crystal structures, frontier orbitals, photophysical and electrochemical properties of the complexes are investigated.
We examined a number of frontier molecular orbitals and the first eight singlet and eight triplet vertical transitions of these complexes using the DFT method. DFT calculations clearly show the participation of the 3,5-dimethylcarboxamide ligand in the charge transfer process, through the d-orbitals of the Ir(III) atom. Contrary to reports of the participation of the cyclometalating ligands in the highest occupied molecular orbital (HOMO), 7d,f ,g,8,9a,10,11 the present study finds that, in FCZN and FDZN, the cyclometalating F 2 CNppy (5 -cyano-4 ,6 -difluoro-2-phenylpyridinate) and DMAF 2 ppy (4 ,6 -difluoro-4-dimethylamino-2-phenylpyridinate) ligands do not contribute to the HOMO. The room and low temperature emission spectra are interpreted to find out the metal participation in the MLCT nature of their electronic transition. The complexes were doped in
Chart 1
the host mCP (m-bis(N-carbazolylbenzene)) 12 in the polystyrene blend and the electroluminescence properties were studied.
Results and discussion
Synthesis
The starting materials, [Ir(F 2 ppy) 2 2 Cl] 2 (F 2 ppy = 4 ,6 -difluoro-2-phenylpyridinate, MeOF 2 ppy = 4 ,6 -difluoro-4-methyl-2-phenylpyridinate) were synthesized from IrCl 3 ·3H 2 O (Acros Chemicals), and the cyclometalating ligands based on the literature procedure. 13 The deprotonation of the ancillary ligand was indeed achieved at room temperature without the aid of any base. The synthetic procedure of the FZN, FCZN, FDZN and MeOFZN complexes are given in the ESI. †
Crystal structure and DFT calculations
Single-crystals of the complexes were grown by the slow layer diffusion of diethyl ether or hexane into the methylene chloride solution. Since most crystals lose their structural solvents of crystallization within a few minutes of exposure to air, they were coated with oil, and the intensity data were collected with Mo K a radiation (k = 0.71073 Å ) on a Bruker SMART CCD equipped with a graphite crystal, incident-beam monochromator. All crystallographic data were corrected for the Lorentz and polarization effects, and semi-empirical absorption corrections based on equivalent reflections were applied. The crystal structures were solved by direct methods and refined by full-matrix least-squares calculations with the SHELXTL-PLUS program package (Ver. 5.1). All the non-hydrogen atoms were refined anisotropically, and hydrogen atoms were added to their geometrically ideal positions. The disordered solvent molecule was treated using the SQUEEZE program in the case of FCZN for better structure refinement. The ORTEP diagrams and crystal packing of the neighboring molecules of the FZN and FCZN complexes are presented in Fig. 1 and the crystallographic and structure refinement in Table 1. DFT calculations have been carried out to find the global minimum geometry and excitation energies by using the B3LYP functional with the LANL2DZ basis set for the Ir atom and 6-31G(d) basis set for the ligand atoms.
14 All calculations were performed by Gaussian 98 program. 15 The overall calculated geometrical parameters are in quite good agreement with those of crystal structures (Table 2 ). In the complexes, the Ir(III) center is octahedrally coordinated to two cyclometalating ligands and the ancillary ligand 3,5-dimethylpyrazole-N-carboxamide. In the complexes the Ir-N 1 bond length is longer than that of Ir-N 3 , implying a stronger bond formation between the metal center and the carboxamide group than the pyrazole nitrogen. The crystal packing of the FZN complex exhibits p-p interactions 16 between the neighboring molecules as has been observed by the distance of 4.13 Å between the aromatic planes in the FZN complex.
The highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) of FZN, FCZN, MeOFZN and FDZN from DFT calculations are shown in Fig. 2 96.9 9 6 .4(6) C 29 fac-Ir(ppy) 3 (6.53 D), when the electron withdrawing phenyl group is substituted at the 5-position of the phenyl ring (5-Phppy = 2-(5-phenyl)phenylpyridinate, ppy = 2-phenylpyridinate).
17
Electrochemical properties
The electrochemical redox potentials (Table 3) were monitored by cyclic voltammetry and square wave voltammetry (SWV). 18 The cyclic voltammograms of these complexes show quasi-reversible oxidation processes (see ESI †). The i pa /i pc values of FZN, FCZN, MeOFZN, and FDZN under the 100 mV s −1 scan were 0.7, 0.5, 0.8 and 0.9, respectively. 19 The E 1/2 (oxd) values of the complexes FZN, FCZN, MeOFZN, and FDZN were determined using SWV (Fig. 3a) relative to a ferrocene/ferrocenium redox potential and found to be 0.77, 1.04, 0.67 and 0.48 V, respectively.
The oxidation potentials follow the increasing order of FCZN > FZN > MeOFZN > FDZN. This can be attributed to the more electron-withdrawing effect of the CN group in the phenyl ring decreasing the electron density at the ortho-metalating carbon atom and consequently the Ir(III) center. Thus the HOMO electrons in FCZN become hard to remove compared to FZN. On the other hand, the electron donating methoxy and dimethylamino groups increase the electron densities of the pyridyl rings of MeOFZN and FDZN; this increases the electron density at the metal center upon coordination. It becomes easier to remove the electron from the HOMO of MeOFZN and FDZN than FZN. The higher anodic shift of the oxidation potential of FDZN compared to MeOFZN can be attributed to the more electron donating effect of the dimethylamino group than the methoxy group. A valid point may arise at this instant: how would the HOMO of FDZN and FCZN be affected by the substituents in the respective cyclometalating ligands, when these ligands do not contribute to the HOMO as found by the DFT calculations? However, the DFT calculations show that the H − 1 orbitals in these two complexes have contributions from the cyclometalating ligands, there being a difference of 0.1 eV between HOMO and H − 1. This implies that the H and H − 1 can be mixed depending upon which of the cyclometalating ligands can influence the HOMO energies. We have also observed a similar anodic shift of the oxidation potential in a dimethyl-substituted cyclometalated Ir(III) complex compared to an unsubstituted complex.
8
The differential pulsed reduction voltammograms of the complexes are shown in Fig. 3b. The first reduction potentials of FZN,  FCZN, MeOFZN, and FDZN were observed at −2.55, −2.32, −2.75 and −2.87 V, respectively. 20 The second reduction processes were detected at −3.04, −2.65 and −3.10 V for FZN, FCZN, and MeOFZN, respectively. The second reduction peak of FDZN could not be obtained in the limit of the potential window of the experimental conditions. The two reduction processes take place at the two cyclometalated ligands consistent with related cyclometalated Ir(III) complexes.
21, 22 The cathodic shifts in the reduction potentials follow the sequence of FCZN < FZN < MeOFZN < FDZN, which is the reverse order of the anodic shifts of the oxidation potentials of the complexes. Since the oxidation and reduction potentials are related to the HOMO and LUMO levels, it is evident that both the HOMO and the LUMO are raised in energy in the order FDZN > MeOFZN > FZN > FCZN. Interestingly, even if the substituents with very strong inductive effects are incorporated in the cyclometalating ligands, the electrochemical gaps of these complexes remain almost the same (3.32-3.41 V) and are consistent with the similar 1 MLCT absorption peaks around 375-380 nm in their absorption spectra. Both the reduction potentials (−2.32 to −2.87 V) and oxidation potentials (0.48 to 1.04 V) demonstrate similar ranges conclusive of the fact that both the HOMO and LUMO of these complexes are equally affected by the substituents on the cyclometalating ligands. Fig. 3c shows the parallel variations in the E 1/2 (red) and E 1/2 (oxd) values.
Photophysical properties
The absorption and emission spectra of the complexes are summarized in Table 3 and shown in Fig. 4 All of these complexes are highly emissive both in the solution and solid state at room temperature and demonstrate single emission peaks in the range of 485-475 nm in 2-Me-THF solution (Fig. 4c) . The peak emissions are blue shifted in methylene chloride solution and PMMA doped films indicating a solvatochromic effect in these complexes. Broadening of the emission spectra toward the blue region is observed in the substituted complexes. The full width at half maximum (FWHM) of the PL spectra of  FZN, FCZN, FDZN, and MeOFZN are 2556, 2847, 2823 and 2979 cm −1 , respectively, indicating that the substitutions increase the vibrational distortions and higher reorganizational energies of the excited state. However, the peak emission energies are almost the same (2.56-2.61 eV) in all of these complexes (Table 3) , contrary to the emissions observed from the corresponding picolinate derivatives Ir(DMF 2 ppy) 2 (pic) (550 nm, 2.25 eV), Ir(F 2 ppy) 2 (pic) (470 nm, 2.63 eV) and Ir(F 2 CNppy) 2 (pic) (452 nm, 2.74 eV).
27
This indicates that in a similar series of cyclometalating ligands the photophysical properties of the iridium complexes may not follow the same sequence when the ancillary ligand is changed.
The emission spectra at 77 K (Fig. 4d , Table 4 ) demonstrate vibrational progressions in all the complexes. The peak emissions (E em (0-0)) are blue shifted by 17, 25, 19 and 25 nm for FZN,  FCZN, FDZN, and MeOFZN, respectively, compared to their room temperature peak emissions that can be attributed to the rigidochromic effect associated with the complexes having greater MLCT character of the emitting states. Even if both FCZN and FZN show similar room temperature emission peaks, the high dipole moment of FCZN could be the reason for more structural distortion in the excited state resulting in a higher difference of the room temperature and 77 K emission (25 nm, 1121 cm −1 ) a E em (0-0) was obtained from the peak emission wavelength in 2-methyltetrahydrofuran at 77 K. Dm 1/2 is the full width at half maximum for the (0-0) band and was obtained by the gaussian decomposition. x M was obtained from the energy difference of the first two emission peaks at 77 K. The Huang-Rhys factor, S M was estimated from the peak heights of the first two peaks of the emission spectra at 77 K.
compared to a difference of 17 nm (752 cm −1 ) in FZN. The 77 K emission attributes of MeOFZN show a less resolved vibrational progression, which could be due to the increase in the lowfrequency vibrations (∼400 cm −1 ) associated with the change in metal-ligand bond length in the excited state compared to the high frequency ligand based vibrations.
6c The FCZN and FDZN also show less resolution of the vibrational progressions than the parent FZN complex.
The FWHM values of the resolved highest energy vibronic bands of FZN, FCZN, FDZN, indicating that the dominant vibrational mode associated with the excited distortion can be ascribed to the aromatic in-plane and out-of-plane ring stretching and bending vibrations.
28- 35 The 
6c,36
The increase in the S M values with the increase in the emission energies is an indication of the decrease in the MLCT character of the excited state in the sequence of FZN > FCZN > FDZN > MeOFZN and more localization of the triplet state.
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The transient phosphorescence lifetimes (s) of the FZN, FCZN, FDZN, and MeOFZN complexes are 1.20, 1.50, 1.18 and 1.28 ls, respectively, as measured from 6% doped PMMA films. The photoluminescence (PL) quantum efficiencies of the complexes in the doped PMMA films are found to be 20, 40, 28 and 70% for FZN, FCZN, FDZN, and MeOFZN, respectively ( Table 2 ). All the substituents enhance the quantum efficiency of the parent FZN complex. High quantum efficiencies of the cyclometalated Ir(III) complexes of 2-(4 ,6-difluorophenyl)-4-methoxypyridine are reported by Chen et al. 38 The k r and the k nr values of the complexes follow the order of MeOFZN K r through the electronic dipole moment integral and K nr through a vibrationally-induced electronic coupling integral. The k nr values of the complexes can be correlated to the nature of the substituents on the cyclometalating ligands.
6a, 8 The pattern of the acceptor vibrations, which determine the non-radiative decay are different in the parent and substituted complexes. Among the substituted complexes, FDZN has the highest k nr values and lowest quantum efficiencies due to the distortional vibrations of the dimethyl amino group causing a great deal of nonradiative depopulation of the excited state.
8 However, we can presume that the methoxy substituent increases the coupling between the ground and excited states resulting in the increased k r values compared to the other complexes.
Electrochemical and photophysical properties
The variations in the 1 MLCT and 3 MLCT absorption and peak emission energies of several Ir(III), 6 Os(II) 4 and Ru(II) 4 complexes exhibit similar patterns of acceptor parallel to the variations in E 1/2 (oxd). A similar pattern of acceptor vibrations can not be expected in the present series of four compounds because of the electron-donating nature of the dimethylamino and methoxy groups and the electron-accepting nature of the cyano group, and their consequent effects on ring distortions, the electronic dipole moment, the vibrational parameters, and the r-and p-donation of the cyclometalating ligands. Comparative plots of 1 MLCT and 3 MLCT absorption energies versus DE 1/2 and E(red)/E(oxd) versus the peak emission energies are given in Fig. 5a and 5b, respectively. Table 5 . The EL spectra, external quantum efficiencies and I-V-L characteristics are demonstrated in Fig. 6 and 7 , respectively. The shape of the EL spectra is different from the PL spectra in solution and film. The CIE coordinates are also shifted from the sky blue region to the greenish blue region. But in FDZN, the CIE coordinates are shifted to the more blue region. We attribute such spectral changes to the effect of the matrix on the excited state of the polar Ir(III) complexes. The device configuration and energy levels of the materials used in the device are shown in Fig. 6a . The HOMO levels of the Ir(III) complexes are determined from the SWV method. The LUMO and 3 MLCT levels of the complex are calculated from the HOMO, 1 MLCT optical absorption, and emission energies. The dopants have a deeper HOMO than that of the host except FDZN (5.78 eV), which is very close to the host HOMO (5.8 eV). This could allow the injection of the holes from mCP into the dopant FDZN, whereas it becomes increasingly difficult for hole injection from mCP to FZN (HOMO = 6.07 eV) and FCZN (HOMO = 6.34 eV). Again, a difference is observed in these three dopants as regards to the ease of electron injection from the host as well as the electron transporting material BAlq. The LUMO of FDZN, mCP and BAlq are 2.48, 2.3, and 2.8 eV respectively. Hence the electron injection from both mCP and BAlq to FDZN is easy. The LUMO of FZN (2.81 eV) is close to the LUMO of BAlq; hence electrons can be injected directly into FZN at the interface. But the electron transfer from mCP to FZN is not easy as there is a barrier of 0.5 eV. The electron transfer from mCP to FCZN is also difficult due to a gap of 0.8 eV, though electron transfer from BAlq is still possible. Thus FDZN is the most suitable dopant and should yield good device efficiency as the excitons from the host can be transferred into it along with the direct exciton formation on the dopant. At the other extreme, it is difficult to transfer the excitons from the host to the dopant FCZN due to energy level mismatch; rather excitons can be formed directly on FCZN due to electron trapping and the consequent recombination with a hole from the matrix. Moreover, FCZN possesses a high dipole moment of 9.68 D; this can lead to a local electric field, which can induce the charges, thus facilitating charge injection into the dopant. FZN offers an intermediate case where both the exciton formation on the dopant and transfer into the dopant from the host is possible.
As the result shows (Fig. 7) From the energy level point of view it is likely that the holes stay on mCP, or at least go back and forth from the FDZN HOMO to the mCP HOMO, and exciton formation happens on mCP. 75% of the total mCP excitons are triplet excitons, which are transferred to FDZN in a delayed process or decay nonradiatively. Moreover, the distortional vibrations of the dimethylamino group causes a great deal of nonradiative depopulation of the excited state.
8 This is in agreement with the currently reported low efficiency of the device containing cyclometalated Ir(III) complexes of dimethylamino substituted 2,4-difluorophenyl pyridine ligand as the triplet emitter. 8 The higher PL quantum efficiency (40%) of FCZN and the direct exciton formation on FCZN as described in the previous paragraph could be the possible reason for the higher EL efficiency of the FCZN-based devices. The FZN device demonstrates higher current density than the FCZN device. This could be due to the charge trapping by FCZN. Since the triplet energies of the dopants (2.56 eV for FZN, 2.61 eV for FDZN, 2.55 eV for FCZN) are lower than that of the host (2.9 eV), the triplet exciton transfer from the host to the dopant is exothermic and can be considered as an efficient process. But a small difference of ∼0.3 eV between the host and dopant triplet energies could lead to an endothermic backward triplet transfer from the dopant to the host.
Conclusion
The different cyclometalating ligands alter the 3 MLCT energies keeping the 1 MLCT energy almost similar. The stabilization and destabilization of the HOMO and LUMO are specifically controlled by the electron accepting and donating substituents. The photoluminescence quantum efficiency and radiative emission rate are greatest and the nonradiative emission rate is lowest for MeOFZN. The complexes manifest rigidochromic effect with maximum reorganization energy in MeOFZN. S M value of MeOFZN also exhibits the dominance of the low frequency metalligand vibrations over the high frequency ligand-based vibrations. with emission in the sky blue region.
